Introduction {#S0001}
============

Over the past few decades, metal oxide nanomaterials (NMs) have been used in sunscreens, cosmetics, paints, electrical appliances, textile and food products, along with medical fields, such as disease diagnosis, therapeutic agents, drug delivery systems and antimicrobial agents. Wider scope of application of NMs due to their extraordinary physiochemical characteristics has resulted in increased human exposure. These particles may be introduced daily in human life through diverse means, such as water, food, medicines and other commercial products.[@CIT0001] Nanoparticles (NPs) incorporated through different modes of administration enter the blood circulation and are distributed to various organs including the liver, spleen, kidney, testis, thymus, heart, lung and brain.[@CIT0002]--[@CIT0005] The specific route of administration and NPs size govern biodistribution patterns. Following intravenous administration, NPs distribution to various systems (colon, lung, bone marrow, liver, spleen, and lymphatics) has been reported.[@CIT0006] Earlier, Hanini and co-workers[@CIT0007] showed that a single intravenous injection of γ-Fe~2~O~3~ NPs (0.8 mg/kg) exerts toxicity to the liver, kidney and lung in Wistar rats. Sub-chronic (28 days) oral toxicity of iron oxide NPs (56 nm) was subsequently confirmed in female Wistar rats.[@CIT0008] Several studies suggest that orally administered NPs reach the blood circulation and concentrate in various organs. For instance, iron oxide NPs taken up through inhalation effectively penetrate the blood--brain barrier and are deposited extensively in heart, liver, spleen, lung, kidney, brain, stomach, small intestine, and bone marrow, with the highest concentrations detected in liver and spleen.[@CIT0009]--[@CIT0012] Recently, intramuscularly injected PEGlyted FeS~2~ NP deposits were observed in liver, lung, muscles and kidney of mouse post-injection and excreted from the body after 21 days.[@CIT0013]

To evaluate the NPs concentration in target tissue or other sites, biodistribution studies are essential. In vivo imaging and histopathological techniques are commonly utilized to assess biological interactions, biodistribution patterns, and toxicities of different drug carriers or nano-devices. However, studies focusing on in vivo biodistribution in different organs and metabolic processing of iron oxide NMs within organisms are lacking.[@CIT0014] Emerging understanding of the potential in vitro and in vivo toxicity of iron oxide highlights the need to conduct wide-ranging research on accumulation and clearance of iron oxide nanoparticles (IONPs) using appropriate in vivo systems. The existing in vivo data on biodistribution and deposition patterns of IONPs administered to animals are limited and inconsistent. Prior to clinical application, the potential harmful effects of IONPs should, therefore, be established via preclinical analyses.

In the present study, biodistribution of IONPs in whole blood, liver, kidney, heart, brain, spleen, lung, and testis and clearance from urine and feces was investigated using a Wistar rat model.

Materials And Methods {#S0002}
=====================

Reagents {#S0002-S2001}
--------

Iron oxide NPs (Fe~2~O~3~) were procured from Intelligent Materials Pvt. Ltd. (Wilmington DE, USA). All other chemicals used were of analytical grade and purchased from commercial companies.

IONP Characterization {#S0002-S2002}
---------------------

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were employed for measurement of size and morphology of iron oxide NPs. Briefly, aqueous suspensions of iron oxide NPs in phosphate buffer saline (PBS) (1.37 mM NaCl, 4.3 mM Na~2~HPO~4~, 2.7 mM KCl, 1.4 mM KH~2~PO~4~, pH 7.4) were ultrasonicated for 15 mins in a water bath. A drop of the homogenous suspension was placed on a copper grid and allowed to air dry at room temperature (RT, 25°C). The grid was placed on a sample holder for visualization under a transmission electron microscope (JEOL-JEM-2100F) operating at 200 kV. Field emission scanning electron microscopy (FE SEM) and scanning electron microscopy (SEM; ZEISS, GERMANY EV-40) were additionally used to analyze NP size and morphology at 15 kV. An energy-dispersive X-ray analyzer (EDX-200) coupled with SEM was applied to determine the elemental composition of nanomaterials (NMs). In brief, a drop of the NM suspension was placed on a mirror attached on a stub by a carbon tape. Next, NPs were coated with gold and visualized under a microscope. The stability and size changes of IONPs were measured using the dynamic light scattering (DLS) method (633 nm; Malvern Zetasizer; Nano, Malvern, UK) in PBS. Iron oxide NPs were prepared (0.1 mg IONPs/mL) and stored in PBS at 4°C for 1 week. NP suspensions were loaded onto a sample holder and dynamic light scattering (DLS) data were acquired.

Cell Cytotoxicity {#S0002-S2003}
-----------------

Cytotoxicity was evaluated via the 3-(4,5-dimethylthiazol-2-yl) diphenyltetrazolium bromide (MTT) assay. HeLa cells selected for assay were grown in 96-well plates in Dulbecco's modified Eagle medium (DMEM; Gibco, USA) containing 10% fetal bovine serum and 1% penicillin and streptomycin in a 5% CO~2~ incubator at 37°C until subconfluence. Different concentrations of iron oxide NPs were added to cultures (10, 20, 40, 80 and 100 μg/mL). After 24 hrs, the medium was discarded and cells washed with PBS (pH 7.4), followed by incubation with 90 µl fresh medium and 10 µl MTT (5 mg/mL) per well for 4 hrs. Subsequently, the medium was discarded and cells were incubated with 200 µl dimethyl sulfoxide (Sigma) to dissolve formazan crystals. Absorbance was measured at 570 nm on a microtiter well plate with an ELISA plate reader (Bio-Rad 840). All experiments were performed in triplicate. Percentage viability was determined based on the ratio of mean absorbance of treated samples to that of control cells: $$\documentclass[12pt]{minimal}
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Experimental Animals {#S0002-S2004}
--------------------

In the present study, adult Wistar rats (6--8 weeks old) were obtained from the Central Laboratory for Animal Resources (CLAR), Jawaharlal Nehru University, New Delhi, India. All animals were kept in stress-free, hygienic and animal-friendly conditions. Stainless steel metabolic cages were used to house animals for 28 days under standard temperature (21±3°C) and humidity (50 ±10) conditions and a 12-hr light/dark cycle. Rats were provided food pellets and water ad libitum. After acclimatization, rats were randomly assigned to four groups (each consisting of six rats). All experiments were approved and recommended by the Institutional Animal Ethics Committee (IAEC), Jawaharlal Nehru University, New Delhi, India.

Iron Oxide NP Administration {#S0002-S2005}
----------------------------

Twenty-four rats were randomly distributed into four different groups. Before the commencement of treatment, freshly prepared NP suspensions were sonicated in saline for experimental use. All animals were anesthetized with sodium thiopentone. Initially, two rats were treated with 1 mg/kg NPs through intravenous injection in the caudal vein and monitored for 24 hrs. We observed no mortality or adverse symptoms. A preliminary study was performed to evaluate approximate lethal dose 50 (LD~50~), which was calculated via the "staircase method" using fewer animals for each dose (only two) and an increasing number of NP doses. To determine LD~50~, 5 different doses (25, 50, 75, 100, 125 mg/kg) were selected for intravenous injection through the caudal vein and toxicity symptoms/reactions were examined over a range of time intervals (1, 2, 6 and 24 hrs).[@CIT0015] After 24 hrs, no clinical signs of toxicity and death were observed. Accordingly, three doses (7.5, 15 and 30 mg/kg) were selected for subsequent experiments. To this end, rats were randomly divided into four groups of six animals each. The first group injected with sterile saline solution was considered the control. The remaining three groups were injected with 7.5, 15 and 30 mg/kg NPs on days 1, 8, 15 and 22.

Determination Of Body Weights And Organ Coefficients {#S0002-S2006}
----------------------------------------------------

Body weights were recorded on a daily basis for the entire study period and average body weight was calculated for all animals. After 28 days, animals from all groups were sacrificed, followed by immediate dissection and weighing of various organs (liver, kidney, spleen, heart, lungs, testis and brain). Coefficients of organs (liver, kidney, spleen, heart, lungs, testis and brain) were determined by dividing tissue weight (g) by body weight (g).

Food And Water Consumption {#S0002-S2007}
--------------------------

Food and water consumption were calculated on a daily basis. Animal feed was weighed before distribution into each cage. The amount of feed left over on the subsequent day was subtracted from the initial amount and the difference taken as daily feed intake. Similarly, for water intake, a known volume of water was supplied to each cage. The remaining water content in each bottle was measured the following day and subtracted from the initial volume. The average of 2 days of feed and water intake was calculated and plotted for experimental analysis.

Iron Content Analysis In Urine And Feces {#S0002-S2008}
----------------------------------------

Iron concentrations in respective tissues were quantified via atomic absorption spectroscopy (AAS; Thermo-Scientific). All animals were kept in metabolic cages and urine and fecal samples were collected daily for the duration of the study. Metabolic cages were designed to contain two inlets (one for water and the other for food) and two outlets (one for urine and one for feces samples), with one animal per cage. Urine and feces samples were collected daily for 16 days, followed by days 22, 23 and 28. Approximately 0.5 mL urine and 0.5 g feces samples were pre-digested in nitric acid overnight, followed by digestion at 80°C for 12 hrs and further at 130--150°C for 30 mins. Finally, 70% perchloric acid was added for 6 hrs and samples were heated to dryness. Samples were diluted in Milli Q water from Millipore System and metal contents were analyzed using AAS.

Iron Content In Tissues {#S0002-S2009}
-----------------------

At the end of the experimental period, the biodistribution patterns of NPs in different organs were determined. To fulfill this objective, animals of all four groups were housed in special stainless steel "metabolic" cages for 28 days. Following sacrifice, organs including liver, kidney, heart, brain, spleen, testis, lung were dissected and whole blood samples were collected. The same procedure was applied for iron content analysis as that for urine and fecal samples, and 25 mL milli Q was used for sample preparation followed by AAS analysis.

Transmission Electron Microscopy {#S0002-S2010}
--------------------------------

For ultrastructural analysis, TEM was performed. Liver, testis, spleen, brain, kidney, lung and heart tissues were cut into small sections (\~ 1 to 1.5 mm), immediately fixed in Karnovsky's fixative (2.5% glutaraldehyde +4% paraformaldehyde +0.1 M phosphate buffer) for 4 hrs at room temperature (RT), incubated at 4°C overnight and washed with phosphate buffer saline. Tissues were maintained in 1% osmium tetra-oxide for 1 hr post-fixation. After washing in PBS, tissues were sequentially dehydrated in graded alcohol solutions (50%, 70%, 80%, 95%, and 100%). Further treatment of tissue with propylene oxide (30 min), propylene oxide resin (overnight), and pure resin was conducted for 48 hrs. Thereafter, tissues were embedded in Better Equipment for Electron Microscopy (BEEM) capsules. Ultrathin sections (70 nm) were generated, stained with 1% lead acetate and visualized under a JEOL-JEM-2100F transmission electron microscope (TEM) at 120 kV.[@CIT0016]

Statistical Analysis {#S0002-S2011}
--------------------

Statistical analyses were conducted using Graph Pad Prism 5, and results were expressed as means±SD (n=6). One-way analysis of variance (ANOVA) was used to determine statistical significance and multiple comparisons were performed using Tukey's test. Significance was set at p\<0.05.

Results {#S0003}
=======

Characterization Of IONPs {#S0003-S2001}
-------------------------

Shape, size and uniformity of NPs were determined via TEM ([Figure 1A](#F0001){ref-type="fig"}). The lattice fringe of IONPs is presented in [Figure 1B](#F0001){ref-type="fig"}. The average size of NPs determined was \~30--35 nm. Spherical morphology was confirmed through TEM, SEM and FE SEM analyses of IONPs ([Figures 1A](#F0001){ref-type="fig"} and [2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}), whereas EDX spectral observation of particle surface and chemical composition revealed 47.12% iron (Fe) and 49.70% oxygen (O) content ([Figure 2C](#F0002){ref-type="fig"}), confirming that the IONP sample was devoid of impurities. The hydrodynamic size changes of iron oxide in PBS were examined at pH 7.4 for 1 week ([Figure 3](#F0003){ref-type="fig"}) to estimate stability. Iron oxide particles were in the nanorange and remained stable over 7 days ([Figure 3](#F0003){ref-type="fig"}).Figure 1Characterization of iron oxide nanoparticles. (**A**) Transmission electron microscope (TEM) images of IONPs depicting the shape and size of nanoparticles. Scale bar size, 20 nm. (**B**) Crystal lattice image of IONPs; bar size of 1 nm. Analysis was performed at 200 kV.Figure 2(**A**) Scanning electron microscopy (SEM) image of iron oxide nanoparticles. (**B**) Field emission scanning electron microscopy (FE SEM) image of IONPs confirming a spherical shape. (**C**) Energy-dispersive X-ray profile confirming the elemental composition of IONPs, depicting peaks of iron and oxygen (IONPs in a gold grid). Analysis was conducted at 15 kV.Figure 3Hydrodynamic diameters measured via dynamic light scattering (DLS) of iron oxide nanoparticles in PBS recorded daily for 7 days. Data in graphs are presented as mean ± standard deviation for nanoparticle samples (n=3). Error bars represent standard deviation.

Biocompatibility Of IONPs {#S0003-S2002}
-------------------------

The MTT assay was employed to evaluate the biocompatibility of iron oxide NPs. The HeLa cell line was selected for the assessment of in vitro cytotoxicity. While no significant toxicity was observed at lower doses of treatment (10 µg/mL), higher doses (20, 40, 80 and 100 µg/mL) led to marked changes and reduced viability, compared to the control group ([Figure 4](#F0004){ref-type="fig"}). Based on the results, we suggest that iron oxide NPs induce mild cytotoxicity in cancer cells.Figure 4Biocompatibility assessment of IONPs in HeLa cells via MTT assay. Cells were treated with 10, 20, 40, 80 and 100 µg/mL IONPs for 24 hrs. Data in graphs are presented as mean ± standard deviation (n=3). Error bars represent standard deviation. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. Inter-group significant differences (p\<0.05) are marked by letters: a (vs control), b (vs 10 µg/mL IONPs), c (vs 20 µg/mL IONPs), d (vs 40 µg/mL IONPs), and e (vs 80 µg/mL IONPs).

Morphological Findings, Body Weight Coefficient And Organ Coefficient {#S0003-S2003}
---------------------------------------------------------------------

We observed no mortality or adverse symptoms in any groups/individual animals treated with different doses of NPs, other than irritation and dullness. No unusual behavior or abnormalities were evident, such as difficulties with breathing or movement. Overall, no apparent toxicity was observed in IONPs-treated animals. The effects of NPs on body weight are shown in [Figure 5](#F0005){ref-type="fig"}. Similar trends were observed for all animals in each group. Body weight increased normally in all groups, with no evidence of weight loss. Organ coefficients for liver, kidney, spleen, testis, brain, heart and lungs were not significant in all experimental groups ([Figure 6](#F0006){ref-type="fig"}). These results clearly illustrate that the NPs do not interfere with rat growth.Figure 5Body weights of Wistar rats following injection of different doses of IONPs or control recorded daily for 28 days. Results are expressed as mean ± SD (n=3). No significant differences were observed among the control and treated groups over the 28-day period.Figure 6Coefficient of organs (liver, kidney, spleen, heart, lung, testis and brain) of Wistar rats injected with different doses of IONPs relative to control. Coefficient of organs represents the ratio of organ weight (g) to animal body weight (g). Differences between nanoparticle-injected and control groups were not significant.

Food And Water Intake {#S0003-S2004}
---------------------

Food and water intake patterns are shown in [Figures 7](#F0007){ref-type="fig"} and [8](#F0008){ref-type="fig"}, respectively. Decreased water intake was observed in animals that were administered higher doses of NPs (30 mg/kg) during earlier time points while changes in intake were not significant during the rest of the study period. Similarly, food intake was decreased in the high-dose groups during the initial days following treatment, with no significant changes at later stages.Figure 7Water intake (mL) of control and experimental Wistar rats administered different doses of IONPs. Differences in intake were significant in the 30 mg/kg nanoparticle-administered group, compared to control, during the initial period after treatment but not in the later stages. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. \* Statistically significant (p\<0.05).Figure 8Feed intake (g) of control and experimental Wistar rats administered iron oxide nanoparticles. Significant differences in feed intake were observed only at high doses of nanoparticles (30 mg/kg), compared to the control group. Differences in feed intake in the remaining groups treated with lower doses of IONPs were not statistically significant. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. \* Statistically significant (p\<0.05).

Elimination Of NPs Through Urine And Feces {#S0003-S2005}
------------------------------------------

IONPs clearance through urine and feces was quantified by determining the iron content in samples collected from the experimental groups on a daily basis from days 2 to 16, 22, 23, and 28 of the experiment. The maximum NPs content were measured in urine samples after the first treatment, which was maintained until day 28 in each treatment group. A dose-dependent excretion pattern was observed in urine samples ([Figure 9A](#F0009){ref-type="fig"} and [B](#F0009){ref-type="fig"}). The clearance rate of NPs decreased gradually after each injection and reached minimal values at the end of the week. Iron content in feces peaked in the first three days after treatment and remained constant over the remaining period ([Figure 10A](#F0010){ref-type="fig"} and [B](#F0010){ref-type="fig"}). Furthermore, dose-dependent excretion in feces was observed in rats. However, minimum excretion of NPs in feces was observed after every 7th day post-injection and highest excretion on days 2, 9, 16 and 23 of the experiment. The time and dose-dependent excretions observed in both urine and feces were clearly indicative of the redistribution of NPs.Figure 9Graph showing iron content excreted through urine of animals injected with different IONPs doses. Daily iron concentration excreted in urine (ng/mL) during the study period (28 days) (**A**). Box plot depicts the mean iron concentration excreted through urine over 28 days (**B**). Data are presented as mean ± standard deviation (n=3). Error bars represent standard deviation. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. Significant inter-group differences (p\<0.05) are marked by letters: a (vs control), b (vs 7.5 mg/kg IONPs), and c (vs 15 mg/kg IONPs).Figure 10Iron content excreted through feces of animals injected with different doses of IONPs. Iron concentrations in feces (ng/g dry weight) excreted daily during the exposure period (28 days) (**A**). Box plot depicts mean iron concentrations excreted through feces over 28 days (**B**). Data represent mean ± standard deviation of nanoparticle concentrations in feces (n=3). Error bars denote standard deviation. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. Significant inter-group differences (p\<0.05) are marked by letters: a (vs control), b (vs 7.5 mg/kg IONPs), and c (vs 15 mg/kg IONPs).

Biodistribution Of Iron Oxide NPs In Different Tissues/Organs Of Rat {#S0003-S2006}
--------------------------------------------------------------------

Our results indicate that the iron translocates into different tissues, i.e., liver, lungs, kidney, spleen, heart, brain and testis through blood. A dose-dependent increase in iron levels was observed in liver, whole blood, heart, testis, spleen, kidneys, lungs and brain of rats that were administered IONPs. Significant concentrations (p\<0.05) of iron were detected in organs that were administered 30 mg/kg IONPs. The accumulation pattern in organs was as follows: spleen\>blood\>liver\>kidney\>lungs\>heart\>testis\>brain ([Figure 11](#F0011){ref-type="fig"}). A significant dose-dependent deposition was detected in spleen, blood, liver, heart and lung, compared to the control group (p\<0.05). However, significant distribution of iron oxide NPs in kidney was evident only in groups treated with higher doses (15 and 30 mg/kg) (p\<0.05) whereas low-dose (7.5 mg/kg) treatment did not induce major changes relative to control. The lowest concentrations of iron were determined in brain and testis. However, only the highest treatment dose led to significant accumulation of IONPs in brain and testis.Figure 11Bioaccumulation patterns of IONPs in different organs of Wistar rat, specifically, spleen (**A**), blood (**B**), liver (**C**), kidney (**D**), lungs (**E**), heart (**F**) brain (**G**) and testis (**H**) treated with varying doses of IONPs. Statistically significant (p\<0.05) accumulation of IONPs was observed in a dose-dependent manner in the organs examined, except testis and brain, where significant distribution was evident only in the high-dose (30 mg/kg) group. Results are presented as mean ± standard deviation (n=6). Error bars represent standard deviation. Statistical significance was determined using one-way analysis of variance (ANOVA) and multiple comparisons conducted using Tukey's test. Significant inter-group differences (p\<0.05) are marked by letters: a (vs control), b (vs 7.5 mg/kg IONPs), and c (vs 15 mg/kg IONPs).

Ultrastructural Changes Induced By Iron Oxide NPs {#S0003-S2007}
-------------------------------------------------

After intravenous administration, IONPs circulate in the blood and reach different organs including kidney, spleen, liver, lung, heart, testis and brain. TEM findings confirmed alterations within the tissue ultrastructure in association with NPs accumulation. Ultrastructural examination through an electron microscope showed the presence of NPs that could underlie the pathological changes in the spleen ([Figure 13](#F0013){ref-type="fig"}). As shown in [Figure 12](#F0012){ref-type="fig"}, ultrathin sections of control liver tissue displayed hepatocytes with normal nuclei and a distinct nuclear envelope. Other cytoplasmic organelles, including mitochondria and flattened rough endoplasmic reticulum, were intact and well-developed and a significant number of glycogen granules were observed. Animals treated with 30 mg/kg NPs showed cytoplasmic changes in liver tissues, such as mild vacuolization and intra-cytoplasmic swollen fat globules of various sizes, in addition to fragmented rough endoplasmic reticulum. Similarly, kidney ultrastructure in rats treated with the highest NPs dose (30 mg/kg) displayed irregular mitochondrial shapes, vacuoles in the cytoplasm and lysosomal structures ([Figure 12](#F0012){ref-type="fig"}). Morphological alterations were detected in testicular cells of treated animals, specifically, degenerative changes and vacuolization of cytoplasm, compared to the control group ([Figure 13](#F0013){ref-type="fig"}). Moreover, NPs deposition was apparent in lung and heart tissues of treated groups. Vacuolated mitochondria and damage were clearly observed in heart and lung tissue, in contrast to intact nuclear membrane and other organelles in control tissue ([Figure 14](#F0014){ref-type="fig"}). The ultrastructural images of brain depicted in [Figure 15](#F0015){ref-type="fig"} clearly demonstrate the effects of NPs.Figure 12Transmission electron microscopy (TEM) images of different organs (A and B of liver, C and D of Kidney) of Wistar rats injected with different doses of IONPs and control. Liver ultrastructure shows nanoparticles (red arrows), fat globules (F), nucleus (N), mitochondria (M), rough endoplasmic reticulum (RER), glycogen granules (G), vesicles (V). (**A**) Control and (**B**) 30 mg/kg-treated group\'s liver image. (**C**) Control and (**D**) 30 mg/kg-treated group\'s kidney, vacuolization in cytoplasm (white arrows), damaged mitochondria (black circle), lysosomes (red arrows), mitochondria (M), and nucleus (N).Figure 13Transmission electron microscopy (TEM) images of different organs (E and F of spleen, and C and D of testis) of Wistar rats treated with IONPs and control. (**A**) Control and (**B**) 30 mg/kg-treated group\'s Spleen ultrastructure shows, vacuolization in cytoplasm (white arrows), nanoparticles (black circles). (**C**) Control and (**D**) 30 mg/kg-treated group\'s ultrastructure of testis-treated group shows degenerated and highly vacuolated cytoplasm (red arrows).Figure 14Transmission electron microscopy (TEM) images of different organs (A and B of Heart and C and D of lung) of Wistar rats treated with IONPs and control. (**A**) Control and (**B**) 30 mg/kg-treated group\'s ultrastructure of heart nucleus (N), mitochondria (M), nanoparticle deposition (white arrow), mitochondrial Cristae vacuolization (red arrow). (**C**) Control and (**D**) 30 mg/kg-treated group\'s ultrastructure of lung nucleus (N), mitochondria (M), nanoparticle deposition (white arrows), mitochondrial Cristae vacuolization (red arrows).Figure 15Transmission electron microscopy (TEM) images of brain tissue of Wistar rats injected with a high dose of IONPs (30 mg/kg) and control. Control group shows intact cellular organelles (**A**), 30 mg/kg treated group's image showing disintegrated cellular organelles (**B**).

Discussion {#S0004}
==========

Research on NMs has become progressively more dynamic owing to their widespread use in therapeutic and commercial applications.[@CIT0017],[@CIT0018] While various nanocarriers have been developed for biomedical applications, iron oxide NPs are the only clinically accepted magnetic nanoparticles (MNPs). Recently, concerns have been raised regarding the potential adverse effects of NPs on humans and the environment. In the current study, we have addressed the effects and clearance of IONPs from the body along with NPs deposition in different organs using a male Wistar rat model.

Our results are in accordance with previous reports showing that NPs do not interfere with growth processes of exposed animals. NMs did not induce significant alterations in the body weights of rats, compared to their control counterparts.[@CIT0007],[@CIT0019],[@CIT0020] On the other hand, Kim et al[@CIT0021] showed a significant dose-dependent decrease in body weight in male rats treated with 500 mg/kg silver NPs (56 nm) at 4, 5 and 7 weeks (p\<0.05), with non-significant changes at 13 weeks (90 days). Any factor that influences water intake will also affect feed intake. As expected, similar patterns of food and water intake were observed in this study. Intake of both food and water was decreased in high-dose (30 mg/kg)-exposed animals, indicative of suppressed appetite and effects on routine performance.

Although inter-individual variations have been observed in different animals treated with NPs, the overall results indicate that IONPs are successfully excreted through urine and feces. Moreover, high concentration detected in feces may be due to the excretion of NPs from the liver into the intestine via the hepatobiliary process.[@CIT0022] Based on these results, we suggest that the elimination procedure through urine and feces is linked with the distribution capacity of systemic circulation in different organs of animals. Excretion data revealed that higher amounts of NPs are excreted through feces than urine. Our results are in accordance with previous studies demonstrating the presence of higher concentrations of IONPs in kidney,[@CIT0010] suggestive of limited excretion of NPs through urinary pathways.

After entering the systemic circulation, NMs are delivered to different organ systems, such as testis, thymus, heart, lung, blood cells, liver, spleen, kidney, and brain.[@CIT0002]--[@CIT0005] Transport of NPs from the walls of blood vessels to organs occurs predominantly through transcytosis. The blood circulation ensures the delivery of NPs administered through different routes to the same organs.[@CIT0023] Translocation of NPs additionally depends on size, charge, chemical composition and site of administration. Larger NPs are eliminated more rapidly from blood than their smaller counterparts.[@CIT0024] Spleen, the most vascular organ in the body, is a key part of the immune system and also recycles red blood cells. NPs can reach the spleen through two potential pathways, specifically, either internalization in Red blood cells (RBCs) or transport via macrophages. In the present study, increased concentrations of IONPs were observed in spleen, suggesting transport through macrophages. AAS results indicate that degradation of IONPs leads to significant deposition in spleen. Thus, iron deposition may be mainly attributable to ferritin-containing macrophages, IONPs, and old red blood cells. The immune system is also potentially responsible for the delivery of NPs to spleen. Earlier studies have disclosed accumulation of silver NPs (20 nm) in the cytoplasm of spleen cells in both the white and red pulp zones.[@CIT0025]

In the present study, high concentrations of iron were detected in liver of rats after 28 days, suggesting that the liver acts as a primary line of defense against NPs. Liver is an additional vascular and main defensive organ that functions in detoxification. Moreover, the liver contains a large number of resident macrophages (Kupffer cells), which could facilitate NPs deposition in this organ. Increased iron content in liver is attributed to active participation of the reticuloendothelial system (RES) in NPs sequestration.[@CIT0026]--[@CIT0029] Another possible mechanism underlying the deposition of IONPs in liver is the activation of metalloproteins involved in the detoxification of heavy metals.[@CIT0030] Route of administration is an important contributory factor for the presence of NPs in liver. Data from the present study confirmed the highest NPs deposition in spleen and liver tissue of rats treated with IONPs. Our findings are consistent with previous reports of higher uptake of iron oxide NPs in liver and spleen upon intravenous injection in male Sprague--Dawley rats.[@CIT0009],[@CIT0031] Moreover, Li and Huang[@CIT0032] suggested that NMs size accounts for the extent of deposition. According to their report, larger NPs may be taken up by spleen and smaller particles (\~100 nm) preferentially deposited in liver. Circulating blood passes through the liver and spleen, and these two organs also contain a high number of macrophages actively involved in the uptake of particles from blood, which could further facilitate IONPs uptake.[@CIT0033] Iron concentration is significantly increased in blood, potentially due to release from organs (liver and spleen) after breakdown into other monatomic iron forms and degradation of iron oxide NPs into iron-associated proteins in blood.[@CIT0009] Xenobiotic compounds or NPs can be eliminated through kidney from the systemic circulation.[@CIT0034],[@CIT0035] Our results disclosed higher concentrations of IONPs in kidneys of animals from NPs-exposed groups, compared to control, suggesting that IONPs entering through the blood circulation remain within the kidney or are finally excreted with urine. Renal glomerular filtration and tubular excretion in kidney are responsible for the excretion of NPs with urine. NPs deposition in kidney is reported to result in several adverse effects leading to organ injury, including morphological changes, histopathological damage and biochemical alterations.[@CIT0036]--[@CIT0038] Moreover, earlier studies have shown deposition of polyacrylic acid (PAA)--coated Fe~2~O~3~ NPs in the liver (Kupffer cells and reticuloendothelial system) and kidney (mesangial cells, podocytes and proximal tubular cells).[@CIT0039] Accumulation of different NPs in kidney regions, such as cortical glomeruli, basal membrane and renal tubules,[@CIT0021],[@CIT0026],[@CIT0040],[@CIT0041] in addition to silver NPs uptake by kidney cortex and medulla have been reported.[@CIT0042] Earlier studies indicate that intraperitoneal administration of silver NPs induces cytoplasmic changes in liver and kidney tissues[@CIT0043] while intravenously administered silver NPs accumulate in different organs, including liver, kidney, spleen, brain and lungs.[@CIT0025] Another recent investigation demonstrated that magnetic hollow porous carbon NPs (MHPCNs) are primarily deposited in spleen, lung and liver.[@CIT0044]

In the present study, iron oxide NPs deposits were detected in lungs and heart and induced ultrastructural changes resulting in organ damage. Accumulation of NPs in the lung may be due to specific vascularization and increased vessel permeability to circulating NPs.[@CIT0007] Biodistribution of iron in the heart is proposed to be attributed to the accumulation of transferrin-bound and non-transferrin-bound Fe.[@CIT0045] A recent study on intravenously injected superparamagnetic iron oxide NP (SPION) microbubbles in rats revealed that biodistribution of NPs in liver, lung and spleen is mostly associated with macrophages.[@CIT0046] Accumulation of iron in brain at higher doses was additionally observed, suggesting that IONPs can effectively cross the blood--brain barrier (BBB). One of the possible pathways of iron transport into the brain is through the transferrin receptor, as transferrin binds and transports iron to different organs.[@CIT0047] Increased free iron content in the brain is a matter of concern since transferrin-bound iron does not result in toxicity.[@CIT0048] Similar results have been reported by other researchers.[@CIT0031],[@CIT0041],[@CIT0049] The slight increase in brain iron level detected did not induce behavioral alterations in NPs-exposed animals throughout the investigation, indicating no significant toxic effects of NPs on the brain. In the present study, higher dose-treated groups showed significant deposition of NPs in testis, which may be a cause for concern in terms of reproductive health. Previously, oral administration of silver NPs induced histological and ultrastructural changes, such as germinal cell necrosis and vacuolated mitochondria, in rat\'s testis after 90 days of treatment.[@CIT0050] Moreover, Miresmaeili et al[@CIT0051] reported a significant reduction in the number of primary spermatocytes, spermatids and spermatozoa, whereas the number of Sertoli cells and seminiferous tubule diameters were not markedly altered. Meanwhile, disorganized and disrupted seminiferous tubules as well as inflammation in testicular cells were observed during histopathological analysis of Wistar rats injected with TiO~2~ NPs, while nanoparticles did not induce any visible morphological changes though NPs were localized in the different organelles.[@CIT0052]

Data from previous studies showing that higher amounts of intravenously injected iron oxide NPs reach the liver and spleen than kidney, lungs, heart and brain in male Sprague--Dawley rats[@CIT0031] are consistent with our findings. Earlier, extensive circulation of intragastrically administered Fe~3~O~4~ NPs in different target organs and tissues of Institute of Cancer Research (ICR) mice including heart, brain, stomach, small intestine, liver, spleen, lung, kidney and bone marrow was reported.[@CIT0008],[@CIT0010] In addition, sizes or surface treatment of NPs were shown to influence biodistribution and deposition in vivo and associated with tissue and organ damage in animals.[@CIT0053],[@CIT0054]

Conclusion {#S0005}
==========

Our atomic absorption spectroscopy (AAS) results confirmed dose-dependent deposition of IONPs in tissues, and the transmission electron microscopy (TEM) findings showed that IONPs accumulation leads to tissue damage. Liver and spleen were identified as the crucial target organs with maximum NPs accumulation. The IONPs accumulation pattern was as follows: spleen\> liver\>kidney\> lung\>heart\> testis\>brain.

The highest clearance of IONPs occurred through urine the day after the first treatment and remained high, followed by a decrease on the last day (28th day), whereas excretion of iron through feces peaked for an initial 3 days and reduced gradually thereafter. The potential abnormalities related to IONPs that are utilized in a range of therapeutic and biological applications require further investigation, with the ultimate objective of producing and using functionalized IONPs devoid of cytotoxicity that can be efficiently taken up by tissues and fulfill the requirements of specific applications.
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